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Abstract: 1. Habitat loss and modification are hallmarks of anthropogenic ecosystems, but the conse-
quences for ecosystem functioning and service provisioning often remain unclear. Understanding these
links in cities is complicated by strong but fine‐scale differences in habitat structure among green space
patches, and a high variance in habitat amount across urban landscapes. 2. We used airborne laser
scanning data to disentangle the effects of 3D woody habitat heterogeneity of urban home gardens, and
woody habitat amount at four landscape spatial scales (50, 100, 250, and 500 m), on the predation risk
of artificial sentinel prey by birds and arthropods. 3. In both predator groups, and at all the investigated
spatial scales, cross‐scale interactive effects between garden habitat heterogeneity and habitat amount
in the urban landscape were the main drivers of predation. Risk of predation by birds was highest in
heterogeneous garden habitats, but only in densely built urban landscapes where habitat amount was
low to intermediate (10%–20%) at large spatial scales (250–500 m). It dropped independently of gar-
den habitat heterogeneity when habitat amount became too low (<10%) at small (50–100 m) spatial
scales. In contrast, risk of predation by arthropods mostly peaked in homogeneous garden habitats when
habitat amount was intermediate (20%) at large spatial scales. 4. Our findings show that the ability of
urban green space patches, such as gardens, to sustain ecosystem functions in cities mainly depends on
cross‐scale interactive effects with larger scale habitat amount. In birds, predation activity can increase
when high patch‐scale habitat heterogeneity contrasts with reduced larger scale habitat amount, suggest-
ing concentration effects. Yet, thresholds exist under which ecosystem functioning drops independently
of habitat structure. 5. Synthesis and applications. The potential of small‐scale interventions to enhance
habitat heterogeneity (e.g., by planting native trees with understorey shrubs) for restoring ecosystem
functions, such as bird predation, in urban areas is dependent on wider landscape habitat structure.
Urban planning should therefore adopt a multiscale approach to sustain and restore ecosystem functions
and services; a simple but still not broadly recognized finding. Airborne laser scanning is a useful tool to
infer habitat structure across a hierarchy of scales in spatially heterogeneous anthropogenic ecosystems.
DOI: https://doi.org/10.1111/1365-2664.13189
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was	 highest	 in	 heterogeneous	 garden	 habitats,	 but	 only	 in	 densely	 built	 urban	
landscapes	where	habitat	 amount	was	 low	 to	 intermediate	 (10%–20%)	 at	 large	
spatial	scales	(250–500	m).	It	dropped	independently	of	garden	habitat	heteroge-








habitat	 amount,	 suggesting	 concentration	 effects.	 Yet,	 thresholds	 exist	 under	
which	ecosystem	functioning	drops	independently	of	habitat	structure.
5. Synthesis and applications.	The	potential	of	small-scale	 interventions	to	enhance	
habitat	heterogeneity	(e.g.,	by	planting	native	trees	with	understorey	shrubs)	for	











Parent,	Civco,	Blei,	&	Potere,	 2011).	 The	 importance	of	 delivering	
ecosystem	 functions	 within	 metropolitan	 boundaries	 is	 therefore	
increasingly	 recognized:	both	 to	 improve	 the	health	and	wellbeing	
of	urban	residents,	and	because	of	the	potential	to	reconcile	urban	
growth	 with	 biodiversity	 conservation	 (e.g.,	 Aronson	 et	al.,	 2017;	
Elmqvist	et	al.,	2015;	Gaston,	Ávila-	Jiménez,	&	Edmondson,	2013).
Woody	vegetation	 is	of	major	 importance	 for	ecosystem	func-




services	 (Schwarz	 et	al.,	 2017).	 Although	 urban	woody	 vegetation	
cover	has	been	consistently	correlated	to	both	vertebrate	and	inver-





Understanding	 the	 link	 between	 urban	 vegetation	 and	 eco-
system	functioning	 is	 complicated	by	 the	high	 level	of	 spatial	het-
erogeneity	 found	 in	 urban	woody	 vegetation	 across	 spatial	 scales	
(Casalegno,	Anderson,	Hancock,	&	Gaston,	 2017).	At	 small	 spatial	
















top-	down	 control	 and	hence	 smaller	 prey	populations	driven	by	 a	
more	stable,	diverse,	and	 individual-	rich	community	of	 (generalist)	
enemies	in	structurally	heterogeneous	habitats	when	compared	to	







2014;	 Braaker,	 Ghazoul,	 Obrist,	 &	 Moretti,	 2014;	 Sattler,	 Obrist,	
Duelli,	 &	Moretti,	 2011).	 How	 habitat	 loss	 impacts	 predator–prey	
interactions	depends	on	the	complex	interactions	between	the	rel-
ative	vulnerability	of	prey	and	predators	to	habitat	loss,	on	feeding	
strategies	 and	 habitat	 requirements	 of	 predators,	 and	 on	 interac-












2012).	 The	 aims	 of	 our	 study	 were	 (a)	 to	 determine	 whether	 the	
predation	risk	of	potential	pest	caterpillars	by	birds	and	arthropods	
restoring	ecosystem	functions,	such	as	bird	predation,	in	urban	areas	is	dependent	
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of	woody	vegetation	cover	 in	 the	surroundings	across	 four	 spatial	
scales.	 Finally,	 (c)	 by	 studying	 two	 distinct	 predator	 groups,	 we	
aimed	at	elucidating	potential	differences	in	predator	responses	to	
woody	vegetation	characteristics	and	spatial	scales.
2  | MATERIAL S AND METHODS
2.1 | Study area
We	 conducted	 this	 study	 in	 the	 city	 of	 Zurich,	 Switzerland	
















To	disentangle	 the	 effects	 of	woody	 vegetation	 heterogeneity	
and	 amount	 on	 predation	 risk,	 we	 randomly	 selected	 24	 gardens	
to	include	all	combinations	of	low	and	high	garden	vertical	vegeta-





The	 mean	 pairwise	 distance	 between	 gardens	 was	 4.9	km	
(min.	=	0.13	km,	 max.	=	9.8	km).	 Two	 neighbouring	 gardens	 had	
to	 fulfil	 the	 condition	 of	 having	 contrasting	 woody	 vegetation	
heterogeneities.	 To	 control	 for	 confounding	 effects	 of	 garden	
area,	 the	 variance	 was	 kept	 as	 small	 as	 possible	 (M	=	382	m2,	
min.	=	107	m2;	max.	=	791	m2).	 Nevertheless,	 plot	 size	was	 stan-
dardized	 by	 conducting	 the	 experiment	 and	 measuring	 woody	
vegetation	heterogeneity	in	a	30-	m	radius	(see	below).	We	did	not	
observe	 supplementary	 bird	 feeding	 during	 the	 experiment,	 as	
this	can	locally	increase	bird	densities	and	negatively	affect	both	
the	 abundance	 of	 insect	 pests	 and	 ground-	dwelling	 arthropod	
predators	 (Orros,	 Thomas,	 Holloway,	 &	 Fellowes,	 2015).	 Finally,	
pesticide	use	 in	 the	woody	vegetation,	which	can	negatively	 im-
pact	pest	 control,	was	determined	via	a	questionnaire.	Pesticide	
application	 frequency	was	very	 low	among	 the	 investigated	gar-
dens	 (only	 three	 garden	 owners	 applied	 pesticides	 1–3	 times	 a	
year)	and	was	therefore	not	further	controlled	in	the	experiment	
(D.	Frey,	unpubl.	data).
2.3 | Measures of habitat amount and heterogeneity
Increasing	 heterogeneity	 in	 woody	 vegetation	 structure	 has	
been	 shown	 to	 attract	 insectivorous	 birds	 and	 arthropods	 to	 gar-
dens	 (Belaire,	Whelan,	&	Minor,	 2014;	 Smith,	Warren,	 Thompson,	
&	Gaston,	2006),	 but	 it	 is	difficult	 to	measure	 this	 in	urban	areas.	











available	 dataset	 which	 was	 acquired	 between	 March	 and	 April	
2014	with	 an	 average	point	 density	 of	 8	 per	m2,	 a	 footprint	 size	
of	0.2	m,	and	a	vertical	accuracy	of	0.1	m.	The	raw	data	have	the	
form	of	a	classified	point	cloud	including	the	categories:	buildings,	
ground	 points,	 and	 vegetation	 points	 (data	 available	 at:	 https://
are.zh.ch/internet/baudirektion/are/de/aktuell/mitteilungen/
gis/2015/hoehendatenzh.html).	 Woody	 vegetation	 cover	 was	
defined	 as	 vegetation	 return	 heights	 of	 greater	 than	 1	m	 above-	






















due	 to	 cutting	 and	 planting,	 ALS	 vegetation	 cover	 data	 were	
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compared	to	our	own	data,	which	were	collected	immediately	after	
the	 experiment	 by	manually	 drawing	 the	woody	 vegetation	 cover	
(>1	m	 in	 height)	 onto	 aerial	 photographs	 within	 each	 garden	 and	
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Artificial	 caterpillars	 (no	 edible	 reward	 for	 predators)	 were	 made	
using	 malleable	 plasticine	 (Staedtler	 FIMO®	 Soft;	 Tropical	 Green)	
that	was	 rolled	by	hand	 into	 cylinders	 of	 approx.	 30	×	5	mm	 (Low	
et	al.,	2014;	Figure	S1).
To	standardize	 the	substrate	of	 the	caterpillars	among	gardens,	









noacrylate	 superglue	 (Pattex®	 liquid;	Henkel	AG).	Additionally,	 to	




Three	 artificial	 shrubs	were	 placed	 in	 each	 of	 the	 24	 gardens	





a	woody	 vegetation	 element.	We	 installed	 the	 artificial	 shrubs	 at	
least	1	week	before	the	start	of	 the	experiment	to	allow	predator	
habituation.
Experiments	 were	 conducted	 between	 4	 and	 27	 May	 2015,	




The	 artificial	 caterpillars	were	 exposed	 to	 predators	 for	 48	hr,	














a binary response variable.
In	 each	 model,	 the	 interaction	 term	 between	 garden	 habi-
tat	 heterogeneity	 and	 landscape	 habitat	 amount	 was	 included.	
Similarly,	since	we	expected	nonlinear	effects	of	habitat	amount	
and	 heterogeneity	 on	 predation	 risk,	 square	 terms	 of	 both	 vari-




mented	 in	 the	 r	 package	 blmeco	 (Korner-	Nievergelt	 et	al.,	 2015;	
Watanabe,	2010).
Additionally,	caterpillar	height	class	and	shrub	distance	class	
were	 entered	 in	 the	 model	 as	 fixed	 factors.	 Both	 crossed	 and	
nested	random	factors	with	random	intercepts	were	included	in	
the	model	to	account	for	nonindependence	among	observations	
due	 to	 repeated	measurements	and	 the	nested	structure	of	 the	
observations	 in	 time	 (i.e.,	 two	 trials)	 and	 space	 (i.e.,	within	 gar-
dens	 and	 on	 artificial	 shrubs).	 All	 continuous	 explanatory	 vari-







(Korner-	Nievergelt	 et	al.,	 2015).	 Mean	 parameter	 estimates	 were	
then	obtained	by	10,000	random	samples	from	the	 joint	posterior	




The	 goodness-	of-	fit	 of	 all	models	was	 investigated	 by	 plotting	
observed	predation	events	against	fitted	values,	while	coincidence	
of	 observed	 and	 fitted	 values	 was	 assessed	 by	 calculating	 their	









Of	 the	 1,152	 exposed	 caterpillars,	 1,145	 (99%)	 were	 successfully	





unambiguously	 assigned	 to	 a	 predator	 class	 and	were	 therefore	
excluded	from	the	analysis.	Bird	predation	marks	were	recorded	
in	 all	 24	 gardens	 (mean	 number	 of	 marks	=	5.1,	 range	=	1–19).	
Arthropod	 predation	 marks	 were	 recorded	 in	 62%	 of	 gardens	
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garden	 habitat	 heterogeneity	 and	 landscape	 habitat	 amount	 on	
both	risk	of	predation	by	birds	and	arthropods	across	all	 the	 in-
vestigated	 spatial	 scales	 (Figure	2,	 Tables	1	 and	 2).	 Risk	 of	 pre-
dation	 by	 birds	 was	 significantly	 higher	 only	 in	 heterogeneous	
gardens	at	low	to	intermediate	landscape	habitat	amounts	(10%–
20%)	 at	 the	 larger	 spatial	 scales	 (250–500	m).	 Conversely,	 risk	
of	 predation	 by	 birds	 dropped	 independently	 of	 garden	 habitat	
heterogeneity	when	landscape	habitat	amount	was	low	(<10%)	at	
small	spatial	scales	 (50–100	m).	Risk	of	predation	by	arthropods	
mostly	 peaked	 not	 only	 in	 homogeneous	 garden	 habitats	when	
habitat	amount	was	intermediate	(20%)	at	large	spatial	scales,	but	









The	 fixed	 factors	 of	 the	 models	 explained	 on	 average	 c. 
20	±	2%	 (SD)	 of	 the	 observed	 variation	 in	 the	 bird-	predation	
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4  | DISCUSSION
4.1 | Cross- scale interactive effects drive predation 
in urban ecosystems
We	found	that	the	vertical	woody	vegetation	structure	increased	
predation	 risk	 of	 sentinel	 prey	 by	 birds	 and	 arthropods	 in	 urban	
gardens,	 but	 this	 depended	 on	 the	 extent	 of	 woody	 vegetation	
cover	in	the	surrounding	landscape	matrix	(Figure	2,	Tables	1	and	
2).	 Hence,	 the	 “enemies”	 hypothesis,	 which	 predicts	 strong	 top-	
down	control	 in	structurally	heterogeneous	habitats,	may	not	be	
able	to	explain	predation	and	pest	control	 in	urban	habitats	such	
as	 gardens	 on	 account	 of	 multiscale	 response	 interactions	 in	






be	 considered	 in	 spatially	 heterogeneous	ecosystems	 such	 as	 cit-
ies	(Denno	et	al.,	2005;	Goddard,	Dougill,	&	Benton,	2010;	Litteral	
&	 Shochat,	 2017;	 Tscharntke	 et	al.,	 2012).	 Similarly,	 ecosystem	













Parameter Mean 2.5% CI 97.5% CI
Model	1:	50-	m	scale
Intercept −3.74 −4.57 −2.91
G −0.12 −0.53 0.3
L 0.42 0.02 0.82
L2 −0.1 −0.52 0.31
G	×	L −0.83 −1.51 −0.14
G	×	L2 −0.86 −1.63 −0.08
Model	2:	100-	m	scale
Intercept −3.8 −4.61 −2.98
G 0.14 −0.22 0.5
L −0.07 −0.42 0.27
L2 −0.12 −0.5 0.27
G	×	L −0.88 −1.3 −0.47
G	×	L2 −0.65 −1.23 −0.08
Model	3:	250-	m	scale
Intercept −3.84 −4.68 −3.02
G 0.27 −0.1 0.64
L −0.31 −0.69 0.06
L2 −0.42 −0.83 −0.01
G	×	L −0.66 −1.1 −0.22
Model	4:	500-	m	scale
Intercept −3.8 −4.63 −2.96
G 0.21 −0.06 0.48
G2 0.26 −0.05 0.56
L −0.14 −0.44 0.15










Parameter Mean 2.5% CI 97.5% CI
Model	5:	50-	m	scale
Intercept −2.34 −3.1 −1.58
G −0.46 −0.81 −0.11
G2 0.64 0.24 1.04
L 0.25 −0.25 0.75
G	×	L −0.44 −0.86 −0.04
Model	6:	100-	m	scale
Intercept −2.52 −3.28 −1.76
G −0.35 −0.75 0.05
G2 0.49 0.08 0.91
L 0.08 −0.44 0.59
G	×	L −0.42 −0.83 0
Model	7:	250-	m	scale
Intercept −2.68 −3.41 −1.95
G 0.17 −0.54 0.89
L −0.09 −0.54 0.37
L2 −0.62 −1.15 −0.07
G	×	L 0.16 −0.5 0.82
G	×	L2 1.67 0.59 2.75
Model	8:	500-	m	scale
Intercept −2.72 −3.5 −1.93
G −0.46 −1.05 0.12
L −0.12 −0.63 0.39
L2 −0.24 −0.73 0.26
G	×	L 0.32 −0.2 0.85
G	×	L2 0.88 0.22 1.52
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4.2 | Bird predation activity
We	found	evidence	of	elevated	risk	of	predation	by	birds	when	the	
urban	woody	habitat	amount	was	 low	to	 intermediate	 (10%–20%	
by	area)	at	relatively	large	spatial	scales	(250–500	m;	Figure	2c,d),	
but	only	in	gardens	with	high	heterogeneity	in	woody	habitat	struc-
ture.	Such	gardens	 represent	a	 favourable	environment	 for	 feed-
ing,	 hiding,	 and	 nesting	 in	 urban	 contexts	where	 such	 resources	
are	otherwise	scarce	 (Belaire	et	al.,	2014).	Similar	responses	have	
been	observed	in	agricultural	landscapes	and	forests	where	patchy	
resource	 distributions	 and/or	 habitat	 loss	 can	 lead	 to	 local	 con-
centrations	 of	 organisms,	 with	 functional	 consequences	 such	 as	
increased	predation	(González-	Gómez	et	al.,	2006;	Mols	&	Vissier,	
2002;	Tscharntke	et	al.,	2012).

























In	contrast	 to	birds,	 risk	of	predation	by	arthropods	was	 strongly	









by	 a	 low	 woody	 vegetation	 cover	 and	 heterogeneity,	 apparently	
dominate	communities	in	northern	temperate	cities	(Magura	et	al.,	
2010).	 Similarly,	 Lemessa	 et	al.	 (2015)	 found	 increased	 arthropod	
predation	in	home	gardens	in	tree-	poor	agricultural	 landscapes	of	




2010).	 Indeed,	 at	 larger	 spatial	 scales	 (250–500	m),	 we	 found	 in-
creased	predation	risks	in	structurally	homogeneous,	and	hence	open,	





























Spatial scale of 
investigation WAIC R2
Bird	predation
Model	1 50 m 733.6 0.18
Model	2 100 m 718.7 0.21
Model	3 250 m 724.1 0.22
Model	4 500 m 730.6 0.17
Arthropod	predation
Model	5 50 m 306.9 0.31
Model	6 100 m 306.7 0.30
Model	7 250 m 300.6 0.36
Model	8 500 m 309.1 0.31























4.5 | Using ALS to predict ecosystem processes and 
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